The purpose of this study is to clarify the fundamental and general features of N 2 O formation during the combustion of pulverized biomass under low temperature. First, the effect of various important factors, i.e., combustion temperature, volatilization process (i.e., either slow or rapid dispersion), and nitrogen content in biomass on N 2 O formation were investigated by theoretical analysis. The analysis of the effect of combustion temperature on the formation of nitrous oxide showed that N 2 O emission level increases with the decrease in combustion temperature, and both N 2 O and NO levels are strongly dependent on the combustion temperature. In other words, there is a trade-off relationship between the formation of NO and that of N 2 O. The analysis of the effect of the slow/rapid volatilization process on the formation of nitrous oxide showed that the conversion ratio of biomass-N to N 2 O increases with the decrease in the dispersion of volatile matter per unit time; it means that biomass-N is effectively converted to N 2 O during slow volatilization. Further, the gasification reactions between CO 2 , O 2 , and C occur simultaneously on the surface of biomass particles during combustion. With respect to the effect of nitrogen content in biomass, the N 2 O emission level increases with the increase in N-content of the biomass, while the NO emission level remains constant during low-temperature combustion.
Introduction
In recent years, global environmental problems, particularly, global warming due to CO 2 emission, have become substantially evident (1) . Research on the effective utilization of recyclable biomass-energy resources (2) - (7) and the efficient use of energy resources (8) are required to reduce the accumulation of atmospheric CO 2 . Thus, biomass-combustion power plants (2) and gasification technologies (5) , (7) , along with biomass combustors (i.e., household small combustors (3) - (4) ) are being actively developed to effectively utilize biomass energy resources. Unlike fossil fuels, biomass fuels are carbon-neutral resources that do not increase the total atmospheric CO 2 ; this is because plants absorb CO 2 released from the biomass fuels during their growth processes. However, biomass fuels are not neutral with regard to their nitrogen content (9) , (10) . In particular, the effect of N 2 O, a greenhouse gas, generated by low-temperature combustion is approximately 300-times stronger than that of CO 2 (9) . The emitted nitrogen compounds accumulate in the atmosphere and destroy the those of the theoretically calculated values. Although many researchers have reported homogeneous kinetics in biomass combustion, merely few researchers have referred specifically to the heterogeneous reaction.
Our results revealed that at low-temperature combustion (T = 1100 K), the following events occurred: (1) both N 2 O and NO levels are strongly dependent on the combustion temperature, there is a trade-off relationship between the formation of NO and that of N 2 O, (2) the ratio of biomass fuel-N conversion to N 2 O increased with slower volatilization rate, and (3) although N 2 O formation increased with the increase in the nitrogen content in the biomass fuel, the conversion ratio of volatile-N to N 2 O remained almost constant.
These events can be explained on the basis of the kinetics of nitrogen-containing compounds (HCN, NH 3 ) evolved from the biomass and heterogeneous reaction.
Theoretical analysis of fuel-NO x
By combining the kinetics scheme for diffusion flames of methane, hydrogen, and carbon monoxide with model for time-dependent changes of flame structure around a biomass particle, we theoretically analyzed the behavior of fuel-NO x formation. The purpose of this analysis was to determine the effects of parameters, such as combustion temperature, slow/rapid volatilization, and nitrogen content in the biomass, on N 2 O formation and to predict the approximate level of N 2 O emission that can be formed around the particles. Our aim was not to develop a robust model (i.e., a precise model) for modeling the detailed chemical kinetics; hence, we used the simplified model that fit the purpose of the present study.
Analysis model
The following assumptions were made for the analysis. (1) A sawdust particle is spherical (radius: 0.5 mm), and all phenomena considered are spherically symmetric. (2) CH 4 , H 2 , CO, CO 2 , HCN, NH 3 , and N 2 gases are considered to be evolved volatile matter. (3) Fixed carbon is oxidized on the surface of sawdust particles by CO 2 and O 2 (i.e., includes the gasification reaction). (4) Particle diameter is constant during volatile matter combustion.
(5) Radical velocity is calculated from the evolving flux of volatile matter and combustion products; then the momentum conservation equation is excluded. (6) Gas and particle temperatures are the same and constant at the given value; then the energy conservation equation is excluded.
The assumption (6) only affects the ignition delay and not the kinetics of the reactions. Because, the time in the simulation was considerably longer than the time (0.7 s) taken for heating the particles. Hence, the time of combustion at low combustion temperature, including the time taken for char oxidation, was longer than 10 s in our simulation. Based on the above assumptions, the fundamental equations consist of the conservation equation of mass and species in gas and solid phase.
Continuity equation：

……… (1)
Chemical species conservation equation:
Mass conservation equation (Gasification reaction):
We selected sawdust of Japanese cypress as a biomass sample. The composition of volatiles in Japanese cypress is shown in Fig. 1 (6) of the main gases are included in assumption (2) .) The following are the main pyrolysis products of fuel-N in the raw biomass: HCN, NH 3 , and N 2 . The component ratio varies with the biomass type and the pyrolysis conditions, i.e., heating rate, pyrolysis temperature, pressure, and atmospheric gas species (16) - (20) . Fig. 1 Volatile matter of Japanese cypress (vol%, experimental data) (6) In this study, HCN and NH 3 were considered to be the main nitrogen compounds evolved by woody biomass. This assumption was made on the basis of the experimental results obtained by Tian et al. (16) - (18) and Leppalahti et al. (19) ; these research groups performed extensive studies on the volatile matters under various conditions from various types of biomass. The component ratios of HCN, NH 3 , and N 2 were derived on the basis of the results reported by Tian et al. (16) . In the present study, we assumed that the component of nitrogen in the raw biomass (N: 0.07 wt%, daf: as shown in Table 1 ) is evolved as HCN, NH 3 , N 2 , in detail, 50 wt% of fuel-N evolves as HCN and 25 wt% of fuel-N evolves as NH 3 , according to equation (4) (21) , (22) . The balance (i.e., others) of fuel-N evolves as N 2 .
( )
We also assumed that tar is pyrolyzed and immediately gasified (15) , (23) . The sum of the yields of CH 4 , H 2 , CO, CO 2 , and N-compounds (N: 0.07 wt%, dry, ash-free (daf) as shown in Table 1 ) corresponds to the total volatile yield (78.7 wt%, ref. Table 2 ). This model includes representative 38 reactions for the formation of NO x from N-species (24) , (25) . The elemental reactions with N-species are shown in Table 3 . The rate of gas-solid oxidation on the surface of a biomass particle was taken from Arrhenius expression. (6) , (26) . Table 3 Representative 38 reactions with N-species and 2 gasification reactions
Calculation condition
As boundary conditions, the gradients of the concentrations of the chemical species at the outer radius of equivalent spheres occupied by 1 sawdust particle were considered as zero. (The equivalent space occupied by 1 sawdust particle in the case of stoichiometric ratio S.R. = 1.0, where air corresponds to the sphere with an 8.0-mm radius.) Radical Formation of N 2 O and NO from NH 3 NH
velocity at inner radius (i.e., at particle surface) is calculated from the evolving flux of volatile matter as considering surface reaction rate. It is assumed that V kg of volatile matter (CH 4 , H 2 , CO, CO 2 , HCN, NH 3 , and N 2 ) is evolved from the particle surface, according to eq.(4). Raw biomass and surrounding gas were simultaneously set at the given temperature at time t = 0 s. The initial condition of volatile matter is described below: t = 0 s; V = 0 kg. Then, time-dependent changes of chemical structures in the flame around the particle were calculated.
Results of calculation and discussion
3.1 Flame structure around a sawdust particle Figure 2 shows the time-dependent profiles of the major chemical species around a sawdust particle (Japanese cypress, diameter: 1.0 mm) placed under a uniform temperature at 1200 K. Figure 3 shows the time-dependent profiles of the nitrogen-containing chemical species. (In order to show the detailed flame structure in Figs. 3and 4, although we calculated the time-dependent profiles for particles with the radius of up to 8.0 mm, we plotted the radius from 0.0 to 5.0 mm.) In Fig.2 , it can be noted that the main volatile gases (H 2 , CH 4 , CO, CO 2 ) were evolved from the surface of the biomass particles. As shown in Fig. 2 , when the point of intersection between the O 2 and CH 4 (or H 2 ) curves was regarded as the center of the flame zone at t = 0.1 s, the flame zone extended to 1.0 mm from the biomass-particle surface, which is almost twice the radius. Since this model does not consider the time elapsed while preheating the particle, the time elapsed at this stage of the distribution profile is lesser than the actual time elapsed in the combustion field. During this time, NH i , NCO, and CN are formed in the oxygen-rich region inside the flame zone, as shown in Fig. 3 . A large amount of NO and N 2 O are considered to be formed at the center of and outside the flame zone via the following process. The nitrogen component from HCN is evolved from the biomass, and NO is formed via the following reactions: HCN→ NCO, CN, and NH reactions (see (R17)-(R26) in Table 3 ); in the case of NH 3 evolution, NO is formed via the NH i reactions (see (R1)-(R16)). Further, NO reacts with NCO and NH results in the formation of N 2 O. The schematic diagram of the reaction model is shown in Fig. 4 . This reaction model is good agreement with that of Kramlich et al (27) .
At 1200 K, the flame zone at the particle surface begins to shrink after 100 ms ( Fig.  2 (b) ), and the NO concentration outside the flame zone increases because of the diffusion effect (see Fig. 3 (c) ). As volatile matters are constantly evolved, NO and N 2 O are formed continuously; their production stops after the completion of the evolution process.
As shown in Fig. 2 , it is apparent that during biomass combustion, gasification reactions occur between CO 2 and carbon on the surface of biomass particles, because CO 2 is evolved from the biomass; in addition, gasification reaction occurs between the diffused oxygen from the atmosphere and the surface of the biomass particle (see Fig. 2 (b) -(c) and (R39)-(R40)). As shown in Fig. 2 (c) , even after the evolution of volatile matter, CO continues to form on the surface of biomass particles via the gasification reaction and burns slowly. These reactions are important features of biomass combustion, and further, we have shown how CO (gasification product) affects NO formation. Wargadalam (13) reported that the CO gas might affect the increase in NO emission at low temperatures (above T = 1100 K), as is evidenced in the calculation for a homogenous reaction (i.e., the conversion of HCN and NH 3 to NO increases when CO gas exists with the fuel-N). The result of present calculation, which includes the heterogeneous reaction, yields the same result, i.e., NO emission level increases to about 20 ppm at more than 1100 K due to the formation of CO at the surface. Because CO is generated via the gasification reaction, there is a slight increase in the level of NO formation from fuel-N (see the no gasification case, chain line in Fig. 5 ).
We compared the result of the ordinal scheme with a special scheme, in which solid-gas reactions (R39)-(R40) were excluded from the kinetics. Figure 5 shows the effect of combustion temperature on fuel-NO x formation. The space-averaged concentration of N 2 O, NO, and N 2 O at t = 10 s is plotted in Fig. 5. N 2 O emission level increases with the decrease in combustion temperature, and both N 2 O and NO levels are strongly dependent on the combustion temperature. There is a trade-off relationship between the formation of NO and that of N 2 O. In other words, there is a concomitant increase in the level of N 2 O with the decrease in the level of NO, by which the decrement of NO formation is converted to the increment of N 2 O formation. This is because of the reactions dominating at low temperatures, particularly the reaction (R26), and because of the formation area of N 2 O that is distributed over a wide region in case of low-temperature at 1000K. The detail chemical kinetic is described in later. Figure 6 shows the effect of combustion temperature (T = 1000 K) on the flame structure around a biomass particle. As shown in Figs.2 and 3 , at higher temperature (T = 1200 K), the oxidation reaction is more vigorous in the flame zone, and the flame zone rapidly affects NO formation. In contrast, at low-temperature combustion (T = 1000 K, Fig.6 ), an obvious flame zone does not exist clearly at about 1000 K, and the reaction proceeds slowly around the particle, as is clear by comparing Figs. 6 (a) and 2 (b) at t=400 ms. By comparing Figs. 6 (b) and 3(b) at t = 400 ms, it becomes clear that the N 2 O reactions with N-species are gradually proceeded in wide space range. As shown in Fig.7 (a) , at T= 1200K the fuel-N（HCN，NH 3 ）is immediately converted to NO within 1000 ms by the reactions with a large amount of OH and O radicals formed in the flame zone. The presence of H in the flame zone serves to reduce N 2 O to N 2 . At T = 1000 K in Fig.6 (a) , there is no flame zone, and the reactions of O, OH, and H radicals produced (Fig. 7 (b) ) are lower than those at 1200 K in Fig.7 (a) . Owing to both the slow release of HCN and NH 3 and the dominant reaction at the lower temperature, N 2 O is formed over a long period of time (t = 10 s). Although the order of magnitude of the reaction rate of N 2 O is still low as shown in Fig.7 (b) , an amount of N 2 O is formed as Fig.5 by the effects of (1) reaction space being proportional to the cube of the radius (see Fig.7 (b) : the generation area of N 2 O increases over a wide radius r comparing with Fig.7 (a) , in detail, reaction space ∝ r 3 ), (2) long time calculation (t = 10 s)，(3) the low-temperature reaction contributing to the production of N 2 O. In the case of higher-temperature combustion especially T = 1500 K or above, the rate of each reaction, i.e., (R 11), (R 24), and (R 12), increases, while the reaction (R 26) that leads to the formation of N 2 O is inhibited and the reaction (R 27) is facilitated, leading to the disappearance of N 2 O (15) . In the case of low-temperature combustion, the decrease or increase in the rates of these reactions occurs in the opposite manner. Figure 5 also shows the effect of the volatile-N composition ratio of HCN to NH 3 (i.e., HCN/NH 3 ) on N 2 O formation. As shown in Fig. 5 , the level of NO emission from the Japanese cypress is slightly higher than that from HCN (75 wt% fuel-N; shown as a dotted line). On the other hand, the N 2 O emission level calculated from Japanese cypress is slightly lower than that from HCN (fuel-N). It is assumed that the combustion of Japanese cypress leads to simultaneous evolution of HCN (50 wt% fuel-N) and NH 3 (25 w% fuel-N) . The dotted line depicts the levels of NO and N 2 O emissions only from HCN (75 wt%/biomass-N). The N 2 O-increasing tendency with increase in ratio of HCN to NH 3 is in good agreement with the conventional report (28) . However, on the whole, the NO and N 2 O emission levels generated only by HCN are almost the same as those generated by Japanese cypress. In order to simplify the process and to clarify the reaction kinetics, in the next section, we only focused on the volatile matter generated by HCN. (In next section we assumed that 70 wt% of fuel-N is evolved from the biomass as HCN.) Figure 8 shows the effect of the volatilization process on N 2 O conversion ratio. As is obvious from equation (4), in the case of constant temperature T, the amount of volatile dispersion per unit time is dependent on the value V * (i.e., proportionating volatile matter VM wt% of proximate analysis). The rate of volatile matter dispersion increases with the increase in the value of the abscissa of Fig. 8 (i. e., mass of volatile matter/total mass of the biomass). Since it is assumed that the N-component is distributed uniformly in biomass fuels, the amount of volatilized N-component at the time when VM = 80 wt% is twice that when VM = 40 wt%. Therefore, the conversion ratio of volatile-N to N 2 O is defined as shown below; we focus on the effect of volatilization process explained on the basis of this equation.
Effect of volatilization process (i.e., slow/rapid evolution) on N 2 O formation
NO x concentration formed in combustion (ppm)
Conversion ratio of NO x = NO x concentration converted with 100% from volatile-N of biomass (ppm) … (5) As shown in Fig. 8 , the conversion ratio of volatile-N to N 2 O increases as the ratio of mass of volatile matter to the total mass of biomass decreases. When the volatile matter dispersion per unit time is less, i.e., in the case of slow volatilization, the N 2 O conversion ratio becomes high. (In Fig. 8 , the same tendency is observed for the conversion to NO, although the conversion ratio is almost constant.) Further, this theoretical result was in good agreement with the experimental result (14) ; when the volatile dispersion per unit time was lower, the conversion ratio of volatile-N to N 2 O increased considerably and when using the low-volatile fuel, the N 2 O conversion ratio increased compare with that of the high-volatile one (15) . The effect of the volatilization process on the reaction rate at T = 1100 K is shown in Fig. 9 , where Figs. 9(a) and 9(b) show the reaction rate plotted against the radius for slow and fast volatile processes, respectively. When the reaction rate shown in Fig. 9 (a) and that shown in Fig. 9(b) are compared, it should be considered that the N content in the fast volatile process is twice that in the slow volatile process. That is, a comparison should be made between the distribution profile obtained by doubling the calculated values ( Fig. 9(a) ) and that obtained using the calculated values themselves (Fig.  9(b) ). In this study, because the range of the reaction rate in the direction of the longitudinal axis in Fig. 9(a) is equal to half of that in Fig. 9(b) , a comparison can be made directly between the distribution profile of Fig. 9 (a) and that of Fig. 9(b) . The results obtained by performing the abovementioned normalization and comparison suggest that the reaction rates of reactions (R 12) (the crimson line) and (R 13) (the green line) (see Table 3 ) in the slow volatile process (Fig. 9(a) ) are large compared to those in the fast volatile process ( 9(b)) and the N 2 O formation in the slow volatile process is spread over a wider radius region than in the fast volatile process. These results can be summarized as follows. The increase in the conversion ratio of volatile-N to N 2 O is because of the slowing of the volatilization process (leading to the acceleration of O 2 diffusion and wide range of the reaction zone) that increases NO formation via the activation of the reactions (R 12) and (R 13), consequently accelerating the reaction NCO + NO → N 2 O + CO (see Fig. 9 (a) ). As shown in the reactions (R 26) and (R 16), NO is required for the generation of N 2 O formed from NCO and NH (15) . Figure 10 shows the effect of nitrogen content in biomass on N 2 O formation at low-temperature combustion. (In this section, the value of proximate analysis indicated in Table 2 is used for determining the mass of VM. This means that the calculation is carried out by changing only the N-content for VM = 78.7 wt%, and the N-content of 75 wt% in biomass is assumed to be evolved as HCN.) As shown in Fig. 10 , the N 2 O emission level increases as the content of fuel-N (wt%) increases. However, the NO emission level remains almost constant at T = 1100 K. The nitrogen content in Japanese cypress is 0.07 wt%-N; with regard to the grass biomasses, the nitrogen content in wheat straw (W.S) is 0.31wt%-N, that in rice husks (R.H) is 0.34wt%-N, and that in rice straw (R.S) is 0.48wt%-N (6) (The arrows in Fig. 10 show the values of nitrogen content in various kinds of biomass). When the N-content of Japanese cypress is low, the N 2 O emission level becomes still lower; however, when the N-content of rice straw (R.S) is high, the N 2 O emission level becomes still higher and reaches about 100 ppm. It is evident from Fig. 11 that the conversion ratio of volatile-N to N 2 O remains constant, and the conversion ratio of volatile-N to NO decreases with the increase in N-content at low temperature (T = 1100 K). Because the VM is constant, the flame structure hardly changes, and N-radicals contained in the reaction zone increase with increasing N in biomass. Very dense N-radicals (NH, NH 2 , NCO etc.) exist in the reaction zone, and the formed NO is considered to be reduced slightly to N 2 by N-containing intermediate products (15) , (29) .
Effect of nitrogen content in biomass on N 2 O emission level
Hereafter, we present the results of the comparison of the theoretical results with those of experimental analysis for the N 2 O and NO emission during the actual biomass combustion process. Olofsson et al. (12) reported that the conversion ratio of fuel-N to N 2 O is 15-21% in the fluidized-bed combustion of woody/grass biomass (T = 670～900 ℃, P = 1.0 MPa). Although the experimental value of the conversion ratio is slightly higher than the theoretical value, the approximate values are almost similar. Gustavsson et al. (11) reported that the level of N 2 O emission from mixing sawdust and other biomass in a boiler-combustor was 30-100 ppm (at the afterburning region: T = 1100-1200 K, O 2 = 6.0 vol%). The approximate values were in agreement with each other. In addition, Hosoda reported that the N 2 O emission level increases with the increase in the fuel-N content under the condition of single-stage combustion using 8 types of coal (30) . The result suggesting that there is an increase in the level of N 2 O emission with an increase in fuel-N (wt%) (30) - (31) is also in agreement with our theoretical result.
Conclusion
We analyzed the characteristics of N 2 O and NO formation during sawdust combustion, while particularly focusing on the effects of volatilization process and the heterogeneous reaction on N 2 O formation.
Mechanism of fuel-NO x formation
HCN and NH 3 evolve from biomass, and N 2 O is produced through the HCN → NCO, CN, NH, finally NCO + NO → N 2 O + CO in the case of HCN evolution; further, NH 3 → NH i , NH + NO → N 2 O + H reactions in the case of NH 3 evolution; N 2 O is formed from these radicals in the reaction zone. Further, we showed that the gasification reactions between CO 2 , O 2 , and C(s) occur simultaneously during biomass combustion on the surface of particles.
Effect of combustion temperature
N 2 O emission level increases with the decrease in combustion temperature, and both N 2 O and NO levels are strongly dependent on the combustion temperature. There is a trade-off relationship between the formation of NO and that of N 2 O.
Effect of slow/rapid volatilization
The conversion ratio of fuel-N to N 2 O increases as volatile dispersion per unit time decreases. In case of slow volatilization (i.e., when the volatile dispersion rate is low), the conversion ratio to N 2 O is high.
Effect of biomass type
The N 2 O emission level increases as the nitrogen content in biomass increases. The conversion ratio of volatile-N to N 2 O remains constant, and the conversion ratio of volatile-N to NO decreases with the increase in N-content at low temperature.
The information provided in this paper will be useful for simple combustion fields, such as stoves and boilers, and the observations can be used to understand the mechanism of N 2 O formation during low-temperature biomass combustion. 
